Abstract: Much recent work has focused on improving the performance of graphene by various physical and chemical modification approaches. In particular, chemical doping of n-type and p-type dopants through substitutional and surface transfer strategies have been carried out with the aim of electronic and band-gap tuning. In this field, the visualization of (i) The intrinsic structure and morphology of graphene layers after doping by various chemical dopants, (ii) the formation of exotic and new chemical bonds at surface/interface between the graphene layers and the dopants is highly desirable. In this short review, recent advances in the study of doped-graphenes and of the n-type and p-type doping techniques through transmission electron microscopy (TEM) analysis and observation at the nanoscale will be addressed.
Introduction
Graphene, a honeycomb sp 2 -bonded carbon atom lattice, shows new physical characteristics such as ambipolar field effect [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , extreme mobility (200,000 cm 2 /Vs) [13] , or extraordinary quantum Hall effect [14, 15] unveiling great applications in graphene nanoribbon (GNR) transistor, gas sensor, supercapacitor, transparent conducting electrode, field-effect transistor (FET), and silicon complementary metal oxide semiconductor (CMOS)-based logic circuit. Doping based on wet chemical and dry plasma methods is one of the best method for tailoring and tuning the electrical properties, band-gap, and work function of graphene.
Although pristine graphene shows ambipolar field effect, it is not sensitive and air-stable to surrounding weak doping [16] or to polymer residues utilized in the fabrication of devices. Thereby, the controlled chemical doping with holes or electrons or reducing surface contaminations in modulating the electronic properties of graphene become very important and necessary. In principle, doping on semiconductors is a process that involves local manipulation of its conductivity and charge density, and it is one of the main modification and modulation strategies in micro-and nano-electronics. The abundant doping strategies have been completely demonstrated on transition metal dichalcogenide (e.g., MoS 2 ) [17] . In general, the dopant donates electrons to graphene at ambient environment (named donor or n-type dopant), or it accepts electrons and leaving holes on graphene and then forming covalent bonding (named acceptor or p-type dopant) [6, 7] .
The TEM is the most sophisticated analysis instrument and a great breakthrough in technology to serve for deeper observing the intrinsic structures of organic and inorganic thin film materials at the nanoscale (10 −9 nm). The TEM was discovered by Max Knoll and Ernest Ruska in 1931, then awarded the Nobel laureate in physics in 1986. Following the decade-by-decade, the TEM was re-designed and upgraded in engineering and technology for deeper observation and more feasible manipulation. The main parts of TEM for observation missions consist an electron emission source, Figure 1 . (a-c) Transmission electron microscopy (TEM) images of in-plane regions of (a) pristine graphene nanoribbon (GNR), (b) a Cl plasma-doped GNR in 1 min, and (c) Cl plasma-doped GNR in 180 s. In (c), areas of introduced defects are circled in blue. (d) Schematic of innovative Cl plasma system with a double-mesh grid used in the cyclic low-energy Cl radical doping. (e) A schematic of the multi-layer cyclic trap-doping strategy. (f) Dark-field TEM (DF-TEM) image of pristine bi-layer graphene and (g) DF-TEM image after the Cl trap-doping in a bilayer graphene. Insets in (f-g) are the elemental analysis from the micro-energy-disperse X-ray spectroscopy in TEM (micro EDS-TEM). (ac) are reprinted with permission from [18] . Copyright 2011 American Chemical Society. (d-g) are reprinted with permission from [19] . Copyright 2014 Royal Society of Chemistry. (a-c) Transmission electron microscopy (TEM) images of in-plane regions of (a) pristine graphene nanoribbon (GNR), (b) a Cl plasma-doped GNR in 1 min, and (c) Cl plasma-doped GNR in 180 s. In (c), areas of introduced defects are circled in blue. (d) Schematic of innovative Cl plasma system with a double-mesh grid used in the cyclic low-energy Cl radical doping. (e) A schematic of the multi-layer cyclic trap-doping strategy. (f) Dark-field TEM (DF-TEM) image of pristine bi-layer graphene and (g) DF-TEM image after the Cl trap-doping in a bilayer graphene. Insets in (f-g) are the elemental analysis from the micro-energy-disperse X-ray spectroscopy in TEM (micro EDS-TEM). (a-c) are reprinted with permission from [18] . Copyright 2011 American Chemical Society. (d-g) are reprinted with permission from [19] . Copyright 2014 Royal Society of Chemistry. Additionally, on the B-doped graphene, Li et al. used B powder and ethanol as doping precursors for the direct CVD synthesis of B-doped multilayer graphene on the Cu substrate at 1000 • C for the fabrication of the graphene-silicon p-n junction solar cell ( Figure 3A ) [26] . The HR-TEM ( Figure 3B ) and the DP images (inset of Figure 3B ) revealed the multilayer (3-5 layers) and a hexagonal atomic-crystallography structure of the synthesized-B-doped graphene, respectively. Compared to the pristine monolayer graphene, this B-doped multilayer graphene shows a sheet resistance (R s ) of about 1500-2000 Ω/sq and transmittance (%T) of 95.7% at 550 nm, which is well accepted in nanoelectronics [26] . As the result, this B-substitutional doping on graphene could apply to the p-n junction solar cell with a good power conversion efficiency (3.4%) under the air mass of 1.5 [26] .
Another catalyst-free approach to synthesize the large-scale B-doped graphene is by the thermal annealing approach of graphite oxide (GO) in the presence of a B 2 O 3 precursor ( Figure 3C ) [27] . As expected, B atoms from the B 2 O 3 vapor could be doped into a graphene lattice at a high temperature. In the low magnification-TEM image ( Figure 3D ), the flattened B-doped graphene sheets are randomly stacked together, forming a flake-like structure similar to pristine graphene ( Figure 3E ). The HR-TEM image shows that the adjacent interlayer distance of the B-doped graphene is 0.37 nm ( Figure 3F ), which is closer to the crystal plane of graphite (0.335 nm) [97] . Compared to the pristine graphene, the as-synthesized B-doped graphene exhibits novel electrocatalytic activity and high stability towards the oxygen reduction reaction (ORR) in the alkaline electrolyte and is well sustainable to poison in the fuel cells although its mechanism is unclear [27] . Additionally, on the B-doped graphene, Li et al. used B powder and ethanol as doping precursors for the direct CVD synthesis of B-doped multilayer graphene on the Cu substrate at 1000 °C for the fabrication of the graphene-silicon p-n junction solar cell ( Figure 3A ) [26] . The HR-TEM ( Figure 3B ) and the DP images (inset of Figure 3B ) revealed the multilayer (3-5 layers) and a hexagonal atomic-crystallography structure of the synthesized-B-doped graphene, respectively. Compared to the pristine monolayer graphene, this B-doped multilayer graphene shows a sheet resistance (Rs) of about 1500-2000 Ω/sq and transmittance (%T) of 95.7% at 550 nm, which is well accepted in nanoelectronics [26] . As the result, this B-substitutional doping on graphene could apply to the p-n junction solar cell with a good power conversion efficiency (3.4%) under the air mass of 1.5 [26] .
Another catalyst-free approach to synthesize the large-scale B-doped graphene is by the thermal annealing approach of graphite oxide (GO) in the presence of a B2O3 precursor ( Figure 3C ) [27] . As expected, B atoms from the B2O3 vapor could be doped into a graphene lattice at a high temperature. In the low magnification-TEM image ( Figure 3D ), the flattened B-doped graphene sheets are randomly stacked together, forming a flake-like structure similar to pristine graphene ( Figure 3E ). The HR-TEM image shows that the adjacent interlayer distance of the B-doped graphene is 0.37 nm ( Figure 3F ), which is closer to the crystal plane of graphite (0.335 nm) [97] . Compared to the pristine graphene, the as-synthesized B-doped graphene exhibits novel electrocatalytic activity and high stability towards the oxygen reduction reaction (ORR) in the alkaline electrolyte and is well sustainable to poison in the fuel cells although its mechanism is unclear [27] . (I) BF image of the area for analysis and (M) SAED pattern for corresponding area. (N-P) DF image of the area, circled diffraction spots in SAED was used for DF-TEM imaging. The color of the border line corresponds to the circle in SAED of same color. Scale bar is 0.1 µm. (Q-S) Low magnification DF-TEM analysis of BG with larger grain size. (Q) SAED pattern and (R,S) DF images, circled diffraction spots in SAED was used for DF-TEM imaging. The white part in DF-TEM is amorphous carbon mesh of TEM grid. The color of the border line corresponds to the circle in SAED of same color. Scale bar is 2 µm. Reprinted with permission from [25] . Copyright 2015, Nature Publishing Group. An AuCl3 doping strategy intercalated in between of the four layer-by-layer graphenes and on the topmost of the four layers of graphene was found out by Gunes et al. in 2010 (Figure 4a ) [28] . Graphene synthesized on Cu is mostly a single layer, just a small portion of the bilayer and the trilayer. HR-TEM images in Figure 4b ,c reveal a bilayer graphene structure with a double line without and with the presence of AuCl3. The interlayer distances of the intensity profiles showed for pristine bilayer graphene (~0.38 nm) and Au-intercalated bilayer graphene (~0.46 nm). The interlayer expansion is due to the presence of the Au particle dopant. Consequently, the very good performances of AuCl3 intercalation in the four layers of graphene showed Rs (54 Ω/sq), %T (85%) at 550 nm, and high flexibility (up to 1000 bending cycles on polyethylene terephthalate (PET) substrate) [28] . This work could further improve in performance by reducing the defects during synthesis and An AuCl 3 doping strategy intercalated in between of the four layer-by-layer graphenes and on the topmost of the four layers of graphene was found out by Gunes et al. in 2010 (Figure 4a ) [28] . Graphene synthesized on Cu is mostly a single layer, just a small portion of the bilayer and the trilayer. HR-TEM images in Figure 4b ,c reveal a bilayer graphene structure with a double line without and with the presence of AuCl 3 . The interlayer distances of the intensity profiles showed for pristine bilayer graphene (~0.38 nm) and Au-intercalated bilayer graphene (~0.46 nm). The interlayer expansion is due to the presence of the Au particle dopant. Consequently, the very good performances of AuCl 3 intercalation in the four layers of graphene showed R s (54 Ω/sq), %T (85%) at 550 nm, and high flexibility (up to 1000 bending cycles on polyethylene terephthalate (PET) substrate) [28] . This work could further improve in performance by reducing the defects during synthesis and wet transfer wet transfer to achieve a greater requirement for the replacement of indium tin oxide (ITO) in many industrial applications such as OLED, solar cell, flexible display, touch panel, or electronic paper Very recently, a new p-type titanium oxide (TiO2) dopant has used to dope on the GO nanocrystal by the hydrothermal method as indicated in the TEM images as shown in Figure 5a -c [31] . The TiO2-doped GO nanocrystals are entangled with each other as scrolled paper. Figure 5b shows the cross-sectional TEM image of TiO2-doped GO. Here, the thickness of the TiO2-doped GO is observed and analyzed about 1-10 nm, which corresponds to 3-9 layers of graphene. Figure 5c shows an HR-TEM image of TiO2-doped GO with a rippled structure around 5 nm. It is obvious proof that transparent and large entangled-GO nanocrystals were observed and the central portion of the TEM image is similar to the graphene plates as the nature of amorphous carbons. By this doping type, Very recently, a new p-type titanium oxide (TiO 2 ) dopant has used to dope on the GO nanocrystal by the hydrothermal method as indicated in the TEM images as shown in Figure 5a -c [31] . The TiO 2 -doped GO nanocrystals are entangled with each other as scrolled paper. Figure 5b shows the cross-sectional TEM image of TiO 2 -doped GO. Here, the thickness of the TiO 2 -doped GO is observed and analyzed about 1-10 nm, which corresponds to 3-9 layers of graphene. Figure 5c shows an HR-TEM image of TiO 2 -doped GO with a rippled structure around 5 nm. It is obvious proof that transparent and large entangled-GO nanocrystals were observed and the central portion of the TEM image is similar to the graphene plates as the nature of amorphous carbons. By this doping type, a band gap was reduced from 3.1 eV down to 2.36 eV due to the electronic interactions of TiO 2 and GO [31] . a band gap was reduced from 3.1 eV down to 2.36 eV due to the electronic interactions of TiO2 and GO [31] . Figure 6G,H) . As the result, the atomic size and homogeneous distribution of the bright dots in the graphene network were seen. By EELS atomic spectra of the bright dots ( Figure 6I ), one could obviously observe the Fe and N elements in one bright dot, suggesting the formation of Fe-Nx bonding. This implies that the Fe atoms observed in Figure 6A -D,G,H should be bonded with N atoms and further contacted to the graphene lattice, as shown in the atomic models ( Figure 6E ) for the experimental structures ( Figure 6D ), which is consistent with the density functional theory (DFT)-simulated HR-TEM image ( Figure 6F ). The Raman data and the Xray diffraction (XRD) furthers the high-dispersed possibility of Fe in FeN4/GN and is highly compatible with the TEM and HAADF-STEM observations [32] . These discoveries would open a new design way of highly worth catalytic oxidation reaction at low temperatures.
Substitutional doping with B, phosphorus (P), N, or sulfur (S) single atoms in the carbon network could modulate the chemical characteristics, create new active sites, and greatly improve the catalytic activity of graphene [27, 33, 37, 43, [77] [78] [79] [80] . In particular, co-doping through the mixture of two or three metal elements with electronegativity could produce a novel electron distribution resulted in a synergistic effect [86] . Recently, S and N co-doping incorporated into graphene sheet was demonstrated by Duan et al. to enhance the metal-free activation of peroxymonosulfate (PMS) for the catalytic oxidation of phenol [34] . Co-doping with S highly upgraded the catalytic efficiency of Ndoped graphene (NG) [34] . The morphology and structure of GO and S-N co-doped rGO (SNG) were obtained from TEM images (Figure 7a ) [34] . The difference from the smooth surface of GO, silk-like wrinkled flakes, and several stacked layers was observed on SNG (Figure 7a ). The wrinkled sheets originated from the reconstruction of graphene during thermal annealing. In the disoriented features of graphene, TEM image also revealed the stacked aggregates of SNG with wrinkled graphene sheets (Figure 7a ) and the SAED spot rings can be assigned to the hexagonal carbon lattice structure of graphite planes (inset of Figure 7a ). The interlayer spacing was reduced from 0.83 nm (GO) to 0.34 nm (SNG) [34] . During this co-doping process, many O-functional groups would be removed to achieve a higher reducibility, leading to powerful π-π stacking in graphene planes. XRD and X-ray photoelectron spectroscopy (XPS) data also confirmed the changes in the chemical compositions and Figure 6G,H) . As the result, the atomic size and homogeneous distribution of the bright dots in the graphene network were seen. By EELS atomic spectra of the bright dots ( Figure 6I ), one could obviously observe the Fe and N elements in one bright dot, suggesting the formation of Fe-N x bonding. This implies that the Fe atoms observed in Figure 6A -D,G,H should be bonded with N atoms and further contacted to the graphene lattice, as shown in the atomic models ( Figure 6E ) for the experimental structures ( Figure 6D ), which is consistent with the density functional theory (DFT)-simulated HR-TEM image ( Figure 6F ). The Raman data and the X-ray diffraction (XRD) furthers the high-dispersed possibility of Fe in FeN 4 /GN and is highly compatible with the TEM and HAADF-STEM observations [32] . These discoveries would open a new design way of highly worth catalytic oxidation reaction at low temperatures.
Substitutional doping with B, phosphorus (P), N, or sulfur (S) single atoms in the carbon network could modulate the chemical characteristics, create new active sites, and greatly improve the catalytic activity of graphene [27, 33, 37, 43, [77] [78] [79] [80] . In particular, co-doping through the mixture of two or three metal elements with electronegativity could produce a novel electron distribution resulted in a synergistic effect [86] . Recently, S and N co-doping incorporated into graphene sheet was demonstrated by Duan et al. to enhance the metal-free activation of peroxymonosulfate (PMS) for the catalytic oxidation of phenol [34] . Co-doping with S highly upgraded the catalytic efficiency of N-doped graphene (NG) [34] . The morphology and structure of GO and S-N co-doped rGO (SNG) were obtained from TEM images (Figure 7a ) [34] . The difference from the smooth surface of GO, silk-like wrinkled flakes, and several stacked layers was observed on SNG ( Figure 7a ). The wrinkled sheets originated from the reconstruction of graphene during thermal annealing. In the disoriented features of graphene, TEM image also revealed the stacked aggregates of SNG with wrinkled graphene sheets ( Figure 7a ) and the SAED spot rings can be assigned to the hexagonal carbon lattice structure of graphite planes (inset of Figure 7a ). The interlayer spacing was reduced from 0.83 nm (GO) to 0.34 nm (SNG) [34] . During this co-doping process, many O-functional groups would be removed to achieve a higher reducibility, leading to powerful π-π stacking in graphene planes. XRD and X-ray photoelectron spectroscopy (XPS) data also confirmed the changes in the chemical compositions and surface functional groups [34] . Consequently, the S-N co-doped graphene would be a high-performance metal-free catalyst for sustainable environmental remediation.
C 2018, 4, x 9 of 33 surface functional groups [34] . Consequently, the S-N co-doped graphene would be a highperformance metal-free catalyst for sustainable environmental remediation. Another example of co-doping on large-scale graphene was showed by Zhou et al. with SnO2-N co-dopants which were synthesized through a rapid and simple microwave-assisted solvothermal approach with a few minutes of the growth process [35] . SnO2 crystals were densely anchored on Ndoped graphene sheets (Figure 7b,c) . From the HR-TEM image, the SnO2 nanocrystal has a size of 3 nm and the lattice fringes of 0.33 nm correspond to the (110) planes of tetragonal SnO2 (Figure 7c ). It is implied that the SnO2-N co-doped graphene composite possessed both high capacity and cycling characteristics. It is believed that due to the synergistic effect of both the SnO2 nanocrystals and Ndoped graphene, this research will save time and provide energy in other metal oxide-N doped graphene syntheses in the future.
In 2016, Lingappan et al. reported a new MoS2/N-co-doped rGO material which was synthesized via a two-step in-situ hydrothermal process to serve as the electrode in Li-ion batteries, as shown in Figure 7d [36] . This co-doping process expects a high improvement of the wettability and electrical transport capability in pristine graphene. The morphology of the MoS2/N-co-doped rGO was analyzed by field emission HR-TEM (Figure 7e ,f). The interconnected network formation is believed to arise from the interfacial Mo-N interaction between MoS2 and N-rGO. Thereby, it leads to promote the electrochemistry and stability in this heterostructure. The HR-TEM image (Figure 7f ) indicates that the MoS2 sheets consist of 4-7 layers with a lattice spacing of 0.62 nm. This work opens the new creativity of novel functional materials serving as electrodes in Li-ion batteries.
To investigate the ORR, She et al. developed the large-scale N-doped graphene synthesis at 900 °C while expecting a high catalytic activity, novel durability, economic cost for ORR, and high energy density storage in fuel cells and batteries (Figure 8a-c) [37] . The N-doped graphene was prepared by annealing a mixture solution of GO and ionic liquid ([Bmim]BF4) in N2 atmosphere [37] . The TEM and HR-TEM images revealed the deepest structure of the N-doped graphene. This transparent flake is obviously observed in Figure 8a . Figure 8b is an HR-TEM image of the N-doped graphene likely as thin multilayers, especially at its edge. The corresponding SAED pattern indicates the polycrystalline nature of the N-doped graphene (inset of Figure 8b ). Compared with the stacked undoped-graphene, the N-doped graphene has a lower energy barrier of ORR. Figure 8c shows the Another example of co-doping on large-scale graphene was showed by Zhou et al. with SnO 2 -N co-dopants which were synthesized through a rapid and simple microwave-assisted solvothermal approach with a few minutes of the growth process [35] . SnO 2 crystals were densely anchored on N-doped graphene sheets (Figure 7b,c) . From the HR-TEM image, the SnO 2 nanocrystal has a size of 3 nm and the lattice fringes of 0.33 nm correspond to the (110) planes of tetragonal SnO 2 ( Figure 7c ). It is implied that the SnO 2 -N co-doped graphene composite possessed both high capacity and cycling characteristics. It is believed that due to the synergistic effect of both the SnO 2 nanocrystals and N-doped graphene, this research will save time and provide energy in other metal oxide-N doped graphene syntheses in the future.
In 2016, Lingappan et al. reported a new MoS 2 /N-co-doped rGO material which was synthesized via a two-step in-situ hydrothermal process to serve as the electrode in Li-ion batteries, as shown in Figure 7d [36] . This co-doping process expects a high improvement of the wettability and electrical transport capability in pristine graphene. The morphology of the MoS 2 /N-co-doped rGO was analyzed by field emission HR-TEM (Figure 7e,f) . The interconnected network formation is believed to arise from the interfacial Mo-N interaction between MoS 2 and N-rGO. Thereby, it leads to promote the electrochemistry and stability in this heterostructure. The HR-TEM image (Figure 7f ) indicates that the MoS 2 sheets consist of 4-7 layers with a lattice spacing of 0.62 nm. This work opens the new creativity of novel functional materials serving as electrodes in Li-ion batteries.
To investigate the ORR, She et al. developed the large-scale N-doped graphene synthesis at 900 • C while expecting a high catalytic activity, novel durability, economic cost for ORR, and high energy density storage in fuel cells and batteries (Figure 8a-c) [37] . The N-doped graphene was prepared by annealing a mixture solution of GO and ionic liquid ([Bmim]BF 4 ) in N 2 atmosphere [37] . The TEM and HR-TEM images revealed the deepest structure of the N-doped graphene. This transparent flake is obviously observed in Figure 8a . Figure 8b is an HR-TEM image of the N-doped graphene likely as thin multilayers, especially at its edge. The corresponding SAED pattern indicates the polycrystalline Figure 8c shows the elemental mapping images with the confirmed presence of the C and N elements and the homogeneous distribution in the N-doped graphene [37] .
C 2018, 4, x 11 of 33 elemental mapping images with the confirmed presence of the C and N elements and the homogeneous distribution in the N-doped graphene [37] . In 2010, Qu et al. showed the first report for the synthesizing of N-doped graphene directly by CVD with the presence of CH 4 and NH 3 [38] . The substrate-free N doped-graphene can be directly transferred onto a TEM grid for further characterizations. The TEM images showed the flakes having a nearly flat shape (Figure 8d ). The electron diffraction of the N-graphene film exhibits a ring-like diffraction pattern with dispersed bright spots (inset of Figure 8d ). It indicates that the crystalline graphene sheets are misorientated partially in N-doped graphene owing to the structural distortions induced by the intercalation of N atoms. The cross-sectional view of the suspended edge of N-doped graphene shows a multilayer structure (2-8 layers) of graphene sheets (Figure 8e-g ). Adjacent interlayer distances in the N-graphene film were 0.3-0.4 nm [38] , close to the d-spacing of (002) crystal plane (0.335 nm) of bulk graphite [97] . This method emphasizes the important role of N-doped graphene through a convenient preparation of the metal-free catalyst for O 2 reduction and it could apply to other carbon materials.
N-doping has been a simple and useful process on graphene due to the easy manipulation of electronic structures and the device performance improvements such as biosensor [86] , fuel cell [38] , and FET [87] . In 2011, Jeong et al. presented a new strategy of N-doping on reduced-GO in getting a superior performance supercapacitor [39] . Firstly, the graphite was oxidized to GO by an acid treatment. The dried GO was reduced by an H 2 plasma-enhanced chemical vapor deposition (PECVD) process (100 sccm, 4 Torr, and 500 W). Next, the N 2 plasma (91 sccm, 14 Torr, 500 W) was injected to form N-doped graphene (Figure 8h ). Finally, this N-doped graphene specimen was annealed at 300 • C in 3 h to remove residues. The N dopant is expected to replace the C atoms in the graphene network to form three types of N-configurations: pyridine-like (N-6), pyrrole-like (N-5), and graphite-like (N-Q) (left-inset of Figure 8h ). The TEM image and SAED pattern indicated the original layered structure and honeycomb-like atomic structure of graphene which still remains unmodified during the plasma process (right-inset of Figure 8h ). By this strategy, the capacitance of the N-doped graphene-based supercapacitor increased 4 times higher than the one of pristine graphene.
In other words, N-doping is a very effective way to modify and improve the electronics behavior in graphene. In 2012, Lv et al. reported a direct CVD synthesis of large-scale N-doped single-layer graphene by the NH 3 precursor-based APCVD approach (Figure 9a-g ) [40] . The morphology of the as-synthesis N-doped single-layer graphene was observed by the HR-TEM image on the transferred-TEM grid as shown in Figure 9d ,e. By fast Fourier transform (FFT), the inset of Figure 9e revealed the hexagonal morphology of the N-doped graphene lattice. In addition, the morphologies of the N-doped bi-layer and N-doped tri-layer graphene were seen as obvious Moire patterns with a multi-orientated hexagonal lattice according to the HR-TEM and FFT analyses (Figure 9f,g) [40] . A further sophisticated observation by HR-TEM on the N-doped monolayer and bilayer graphene also revealed an interlayer spacing of 0.35 nm (Figure 9h,i) [41] . Similarly, on the same N-doped graphene process, Quan et al. also showed the TEM and HR-TEM images of the N-doped graphene (Figure 9j,k) and the pristine solvothermal graphene prepared using N 2 as a precursor (Figure 9l,m) [33] . In 2013, Zhang et al. utilized glucose as a reactive carbon source and melamine and urea as N rich molecules for an economical two-step method of N-doped graphene synthesis (Figure 9n-v) [88] . In general, Zhang et al. obtained a good result with high N concentrations in two cases of NCU 57 (nitrogen carbon urea) (31.1%), and NCM 57 (nitrogen carbon melamine) (33.7%) regarding the energy dispersed X-ray spectroscopy (EDX) data [88] . As a result, the electrocatalyst for ORR based on NCM 57 -doped graphene showed high catalytic activity, long stability in alkaline atmosphere, and tolerance with a crossover effect [88] . (Figure 10a-f) [96] . The N-content obtained in the interval of 4.5-16.4% in doped graphene during one-pot direct synthesis. As expected, NG-2 exhibited a higher activity than NG-1 because the former contains more N species. These doped materials were applied to fabricate the fuel cell cathode. As the result, it showed the improved catalytic activity in ORR.
In another report, through a solvothermal doping method, Deng et al. revealed the morphology of N-doped single layer to four-layer graphene named NG-1 (synthesized by precursors of Li3N and CCl4) and NG-2 (synthesized by precursors of C3Cl3N3, Li3N, and CCl4) (Figure 10a-f) [96] . The Ncontent obtained in the interval of 4.5-16.4% in doped graphene during one-pot direct synthesis. As expected, NG-2 exhibited a higher activity than NG-1 because the former contains more N species. These doped materials were applied to fabricate the fuel cell cathode. As the result, it showed the improved catalytic activity in ORR. In 2015, a new catalyst was discovered for ORR by Wu et al. (Figure 11a-k) [89] . It based on N-doped graphene and additional supported by CoCN@CoO x as a superior non-noble metal electrocatalyst for ORR. This catalyst displayed high activity, good selectivity and durability. Consequently, the CoCN@CoO x /N-doped graphene could be a promising alternative to noble metal catalysts, for example, Pt because of high performance and low-cost.
In 2015, a new catalyst was discovered for ORR by Wu et al. (Figure 11a-k) [89] . It based on Ndoped graphene and additional supported by CoCN@CoOx as a superior non-noble metal electrocatalyst for ORR. This catalyst displayed high activity, good selectivity and durability. Consequently, the CoCN@CoOx/N-doped graphene could be a promising alternative to noble metal catalysts, for example, Pt because of high performance and low-cost. An effective method to fabricate sulfur (S)-doped graphene is via a solvothermal method using S precursor (Figure 12a ) [33] . Consequently, it converts dimethyl sulfoxide (CH3CH3SO, DMSO) in S- An effective method to fabricate sulfur (S)-doped graphene is via a solvothermal method using S precursor (Figure 12a ) [33] . Consequently, it converts dimethyl sulfoxide (CH 3 CH 3 SO, DMSO) in S-doped graphene. The morphology of S-doped graphene surfaces was analyzed by using TEM (Figure 12b,c) . To investigate the dopant distribution, an EDS elemental mapping was demonstrated. Figure 12e reveals a homogeneous distribution of the S element in the graphene sheet in Figure 12d . This study exhibits high heteroatom concentration and surface area. It is believed that this doping method could lead to the further development of other elements (for example, P, B, or F). doped graphene. The morphology of S-doped graphene surfaces was analyzed by using TEM (Figure  12b,c) . To investigate the dopant distribution, an EDS elemental mapping was demonstrated. Figure  12e reveals a homogeneous distribution of the S element in the graphene sheet in Figure 12d . This study exhibits high heteroatom concentration and surface area. It is believed that this doping method could lead to the further development of other elements (for example, P, B, or F). An n-type chemical doping method was reported to reduce the work function of few-layer graphene (Figure 13a,b) [45] . The work function of Li2CO3, K2CO3, Rb2CO3, and Cs2CO3-doped An n-type chemical doping method was reported to reduce the work function of few-layer graphene (Figure 13a,b) [45] . The work function of Li 2 CO 3 , K 2 CO 3 , Rb 2 CO 3 , and Cs 2 CO 3 -doped graphene decreased from 4.25 eV to 3.8, 3.7, 3.5, and 3.4 eV, respectively. The typical feature of undoped/doped graphene, above, was shown by TEM images in Figure 13c -g. The SAED pattern of pristine graphene is shown in the inset of Figure 13c . The well-defined diffraction spots in the SAED patterns confirm the crystalline structure of the few-layer graphene sheets. The black spots were seen in doped graphene, implying that metal particles composed of Li, K, Rb, Cs were well-dispersed on the graphene surface. By this strategy, the metal carbonate dopants increased the electron concentration in pristine graphene through the covalent bond, thereby reducing the work function [45] .
graphene decreased from 4.25 eV to 3.8, 3.7, 3.5, and 3.4 eV, respectively. The typical feature of undoped/doped graphene, above, was shown by TEM images in Figure 13c -g. The SAED pattern of pristine graphene is shown in the inset of Figure 13c . The well-defined diffraction spots in the SAED patterns confirm the crystalline structure of the few-layer graphene sheets. The black spots were seen in doped graphene, implying that metal particles composed of Li, K, Rb, Cs were well-dispersed on the graphene surface. By this strategy, the metal carbonate dopants increased the electron concentration in pristine graphene through the covalent bond, thereby reducing the work function [45] . A simple and effective strategy to fabricate N-P co-doped graphene/carbon nanosheets (N,P-GCNS) by pyrolysis of a dried hydrogel composed of GO, polyaniline (PANi), and phytic acid (PA), where GO nanosheets were employed as the precursor of graphene and the structure directing agents A simple and effective strategy to fabricate N-P co-doped graphene/carbon nanosheets (N,P-GCNS) by pyrolysis of a dried hydrogel composed of GO, polyaniline (PANi), and phytic acid (PA), where GO nanosheets were employed as the precursor of graphene and the structure directing agents for conformal coating of PANi and PA molecules during polymerization of aniline (An) monomers (Figure 14a ) [76] . The porous sheet-like structure of N,P-GCNS material was confirmed by low magnification-TEM image with the observed corrugations (Figure 14b ). The HR-TEM images show a sandwiched structure with porous N-P co-doped carbon coating on few-layer graphene (Figure 14c-e) . This structure favors electrocatalysis applications because the active sites can be exposed to reactant molecules and the incorporated graphene nanosheets beneath the N-P co-doped carbon can facilitate electron transportation during the redox process and improve the electrocatalytic activity and electrochemical kinetic energy [76] . for conformal coating of PANi and PA molecules during polymerization of aniline (An) monomers (Figure 14a ) [76] . The porous sheet-like structure of N,P-GCNS material was confirmed by low magnification-TEM image with the observed corrugations (Figure 14b ). The HR-TEM images show a sandwiched structure with porous N-P co-doped carbon coating on few-layer graphene (Figure 14c e). This structure favors electrocatalysis applications because the active sites can be exposed to reactant molecules and the incorporated graphene nanosheets beneath the N-P co-doped carbon can facilitate electron transportation during the redox process and improve the electrocatalytic activity and electrochemical kinetic energy [76] . In 2016, a new technique for synthesizing P-doped graphene quantum dots (P-GQDs) with high phosphorus doping concentration was reported by Li et al. (Figure 15a-c) [77] . The obtained P-GQDs showed an excellent ability to scavenge free radicals and an outstanding anti-erosion performance and opened up applications in the biomedical and polymeric materials. As shown in Figure 15a , a high-purity graphite rod (purity 99.99%) and a platinum electrode were chosen as the working electrode and the counter electrode, respectively. The TEM image of the obtained P-GQDs shown in Figure 15b exhibited their excellent mono-dispersity and spherical shape. Figure 15c further indicated their small size and narrow size distribution mostly in the range from 2 to 4 nm. The similar surface morphology and size distribution of P-GQDs and our previously electrochemically prepared GQDs demonstrated that doping phosphorus into GQDs in the electrochemically prepared process did not influence their formation and surface morphology. More importantly, the P in the P-GQDs played the main role in the radical scavenging of both OH and 2,2-diphenyl-1-picrylhydrazyl (DPPH). This may be caused by their large covalent radius and variable valence states. Considering the GQDs' small size, favorable hydrophilicity and biocompatibility, the novel scavenging ability of free radicals widen their application potential to organisms or biotechnology and medicine related fields. In 2016, a new technique for synthesizing P-doped graphene quantum dots (P-GQDs) with high phosphorus doping concentration was reported by Li et al. (Figure 15a-c) [77] . The obtained P-GQDs showed an excellent ability to scavenge free radicals and an outstanding anti-erosion performance and opened up applications in the biomedical and polymeric materials. As shown in Figure 15a , a high-purity graphite rod (purity 99.99%) and a platinum electrode were chosen as the working electrode and the counter electrode, respectively. The TEM image of the obtained P-GQDs shown in Figure 15b exhibited their excellent mono-dispersity and spherical shape. Figure 15c further indicated their small size and narrow size distribution mostly in the range from 2 to 4 nm. The similar surface morphology and size distribution of P-GQDs and our previously electrochemically prepared GQDs demonstrated that doping phosphorus into GQDs in the electrochemically prepared process did not influence their formation and surface morphology. More importantly, the P in the P-GQDs played the main role in the radical scavenging of both OH and 2,2-diphenyl-1-picrylhydrazyl (DPPH). This may be caused by their large covalent radius and variable valence states. Considering the GQDs' small size, favorable hydrophilicity and biocompatibility, the novel scavenging ability of free radicals widen their application potential to organisms or biotechnology and medicine related fields. In 2013, Zhang et al. fabricated a kind of new material of phosphorus-doped graphene (PG) through an economical-cost and scalable thermal annealing approach for PG synthesis utilizing GO and triphenylphosphine (TPP) as C and P sources, respectively (Figure 15d-f) [78] . The PG acts as an efficient metal-free electrocatalyst in ORR. Its ORR activity can be further enhanced by adding carbon black to modify its conductivity. Figure 15d exhibits a TEM image of PG and its selected area electron diffraction (SAED) pattern (inset of Figure 15d) . A crumpled surface is obviously seen in PG, indicative of the high specific surface area and well-maintained two-dimensional (2D) structure of graphene. The SAED spots confirm a hexagonal lattice as the fingerprint of the crystalline structure of PG. To test the annealing effect on the ORR performance, the PG annealed at 700 °C (Figure 15e ), 900 °C (Figure 15f) , and 1000 °C (Figure 15d) , as the result, the annealing at 1000 °C exhibited the best efficiency due to the better-improved graphitization. The PG exhibits novel ORR activity, stability, and selectivity. These results provide an outstanding P-doped graphene based-material for energy conversion and storage.
In 2013, the metal-free P-doped graphene nanosheets were successfully synthesized by thermal annealing of the mixture GO and an ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate ([Bmim]PF6), which was employed as a mild phosphorus source for in situ doping the thermally reduced GO (TRG) (Figure 15g-l) [79] . The morphology is further evidenced by TEM as shown in Figure 15g . It can be seen that the transparent graphene sheets are silked veil waves with wrinkled and folded features. These corrugations and wrinkles originated from the intercalated P defects in the P-TRG and the structural distortion caused by the increase of bond length. The electron diffraction of the selected rectangle area shows a ring pattern with dispersed bright spots, implying that the Pdoped graphene sheets became partially misorientated due to the structural distortion caused by the incorporation of P atoms into the graphitic planes (inset of Figure 15g ). The HR-TEM image ( Figure  15h ) taken at the edge shows that the P-doped graphene nanosheets typically contain 3-4 layers of graphite planes. The inter-planar spacing is 0.4-0.5 nm. The STEM (Figure 15i ) and the corresponding elemental mapping images (Figure 15j-l) exhibit that the P-TRG sample has only the C, P, and O In 2013, Zhang et al. fabricated a kind of new material of phosphorus-doped graphene (PG) through an economical-cost and scalable thermal annealing approach for PG synthesis utilizing GO and triphenylphosphine (TPP) as C and P sources, respectively (Figure 15d-f) [78] . The PG acts as an efficient metal-free electrocatalyst in ORR. Its ORR activity can be further enhanced by adding carbon black to modify its conductivity. Figure 15d exhibits a TEM image of PG and its selected area electron diffraction (SAED) pattern (inset of Figure 15d) . A crumpled surface is obviously seen in PG, indicative of the high specific surface area and well-maintained two-dimensional (2D) structure of graphene. The SAED spots confirm a hexagonal lattice as the fingerprint of the crystalline structure of PG. To test the annealing effect on the ORR performance, the PG annealed at 700 • C (Figure 15e) , 900 • C (Figure 15f) , and 1000 • C (Figure 15d) , as the result, the annealing at 1000 • C exhibited the best efficiency due to the better-improved graphitization. The PG exhibits novel ORR activity, stability, and selectivity. These results provide an outstanding P-doped graphene based-material for energy conversion and storage.
In 2013, the metal-free P-doped graphene nanosheets were successfully synthesized by thermal annealing of the mixture GO and an ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate ([Bmim]PF6), which was employed as a mild phosphorus source for in situ doping the thermally reduced GO (TRG) (Figure 15g-l) [79] . The morphology is further evidenced by TEM as shown in Figure 15g . It can be seen that the transparent graphene sheets are silked veil waves with wrinkled and folded features. These corrugations and wrinkles originated from the intercalated P defects in the P-TRG and the structural distortion caused by the increase of bond length. The electron diffraction of the selected rectangle area shows a ring pattern with dispersed bright spots, implying that the P-doped graphene sheets became partially misorientated due to the structural distortion caused by the incorporation of P atoms into the graphitic planes (inset of Figure 15g ). The HR-TEM image (Figure 15h ) taken at the edge shows that the P-doped graphene nanosheets typically contain 3-4 layers of graphite planes. The inter-planar spacing is 0.4-0.5 nm. The STEM (Figure 15i ) and the corresponding elemental (Figure 15j-l) exhibit that the P-TRG sample has only the C, P, and O elements, with a relatively uniform distribution of P on the graphitic plane. This suggests that the P atoms have been doped into graphene. This ionic liquid assisted the economical and simple one-step route for the mass production of P-doped graphene and the reduction of GO.
Recently, another report on PG, which is conveniently prepared through annealing phosphoric acid and GO together, is employed as the support material to synthesize the Pt/PG catalyst using the microwave-assisted polyols method [80] . The morphologies of pristine graphene and PG are shown in TEM images in Figure 16A -D. Both graphene and phosphorus-doped graphene present good flake structures without obvious stacking ( Figure 16A,B) . Moreover, both graphene and phosphorus-doped graphene have a similar thickness (5-6 nm) with the same lattice fringes (0.33 nm) ( Figure 16C,D) , demonstrating that phosphorus doping does not change the morphology of graphene. Figure 16E -J shows the TEM and HR-TEM images of Pt/G and Pt/PG catalysts. It is clear that the Pt nanoparticles on the phosphorus-doped graphene disperse more uniformly than those on graphene ( Figure 16E,F) . The average Pt particle sizes of Pt/G and Pt/PG catalysts are 2.84 nm and 2.36 nm (Figure 16G,H) , respectively, evaluated based on the TEM images in Figure 16E ,F using digital micrograph software, which is consistent with the XRD results. These facts indicate that the phosphorus doping on graphene provides increased defect sites and promotes the dispersion of Pt nanoparticles. The typical crystalline lattice fringes of Pt nanoparticles (0.23 nm) were clearly observed by HR-TEM ( Figure 16I ,J), which are consistent with previous published Pt nanoparticles [28, 47] . Moreover, the SAED patterns of Pt/G and Pt/PG catalysts in insets of Figure 16I ,J also confirm the existence of Pt nanoparticles. Therefore, the phosphorus with low electronegativity is successfully doped into the graphene matrix, which not only generates more defect sites for anchoring Pt nanoparticles, but also donates electrons to adjacent carbon atoms and further tunes the electronic structure of Pt. Thus, the Pt/PG catalyst shows outstanding catalytic performance (both activity and stability) for the MOR in acidic media. This report provides a prospective alternative method to improve the methanol oxidation reaction (MOR) performance of Pt-based catalysts for the direct methanol fuel cell (DMFC). elements, with a relatively uniform distribution of P on the graphitic plane. This suggests that the P atoms have been doped into graphene. This ionic liquid assisted the economical and simple one-step route for the mass production of P-doped graphene and the reduction of GO. Recently, another report on PG, which is conveniently prepared through annealing phosphoric acid and GO together, is employed as the support material to synthesize the Pt/PG catalyst using the microwave-assisted polyols method [80] . The morphologies of pristine graphene and PG are shown in TEM images in Figure 16A -D. Both graphene and phosphorus-doped graphene present good flake structures without obvious stacking ( Figure 16A,B) . Moreover, both graphene and phosphorusdoped graphene have a similar thickness (5-6 nm) with the same lattice fringes (0.33 nm) ( Figure  16C,D) , demonstrating that phosphorus doping does not change the morphology of graphene. Figure  16E -J shows the TEM and HR-TEM images of Pt/G and Pt/PG catalysts. It is clear that the Pt nanoparticles on the phosphorus-doped graphene disperse more uniformly than those on graphene ( Figure 16E ,F). The average Pt particle sizes of Pt/G and Pt/PG catalysts are 2.84 nm and 2.36 nm ( Figure 16G,H) , respectively, evaluated based on the TEM images in Figure 16E ,F using digital micrograph software, which is consistent with the XRD results. These facts indicate that the phosphorus doping on graphene provides increased defect sites and promotes the dispersion of Pt nanoparticles. The typical crystalline lattice fringes of Pt nanoparticles (0.23 nm) were clearly observed by HR-TEM ( Figure 16I ,J), which are consistent with previous published Pt nanoparticles [28, 47] . Moreover, the SAED patterns of Pt/G and Pt/PG catalysts in insets of Figure 16I ,J also confirm the existence of Pt nanoparticles. Therefore, the phosphorus with low electronegativity is successfully doped into the graphene matrix, which not only generates more defect sites for anchoring Pt nanoparticles, but also donates electrons to adjacent carbon atoms and further tunes the electronic structure of Pt. Thus, the Pt/PG catalyst shows outstanding catalytic performance (both activity and stability) for the MOR in acidic media. This report provides a prospective alternative method to improve the methanol oxidation reaction (MOR) performance of Pt-based catalysts for the direct methanol fuel cell (DMFC). Figure  17A-F) [75] . It showed that graphene can react with H and transforms this highly zero-overlap semimetal into an insulator. TEM exhibits the hexagonal crystalline lattice in the graphene derivative (graphane) with shorter period compared with graphene ( Figure 17A-D) . The reaction with H is reversible, therefore, the intrinsic metallic state, the lattice spacing, and the quantum Hall effect could be recovered after annealing. This research depicting the crystalline structure of hydrogenated graphene reveals two new graphene derivatives: a crystalline one and a disordered one. These results prove the possibility of graphene being converted into other giant molecules with regular structures [75] .
Recently, a new report on iodine (I)-doped graphene was revealed by several techniques (electrophilic substitution and nucleophilic substitution methods) in order to incorporate iodine atoms onto the graphene base materials ( Figure 18A-D) [81] . The morphology and structure of the Idoped graphene were sophisticatedly studied by TEM. Figure 18A -D depicts the microstructure of the prepared I-doped graphene in comparison to pristine graphene. Regarding the morphology, the I-doped graphene overlapped and scrolled to form clusters, proving the good quality of these transparent doped materials. Moreover, the high resolution illustrates visible lattice fringes of the Idoped graphene, emphasizing a well-defined crystal structure of I-doped graphene. Regarding the structure, in the graphene sample depicted in Figure 18A , the graphene grains are highlighted, while the surface shape of the I-doped graphene samples looks like a mixture of sheets with different thicknesses, assigned to the typical layered structure of graphene-based materials. I-doped graphenes cannot reveal some physical or morphological structural changes, which suggest a proper doping process. Secondary electron images were acquired at different magnifications. Nevertheless, we have to mention the appearance of a typical layer structure for the doped-graphene sample 1 ( Figure 18B ) and the doped-graphene sample 2 ( Figure 18C ), which is close to the structure of graphite oxide or chemically reduced graphite oxide, while the doped-graphene sample 3 (Figure18D) reveals a more wrinkled structure similar to partially reduced GO or commercial graphene ( Figure 18A ). The Idoped graphene to cathode electrode improved the electrochemical performances due to the role of the potential catalyst besides the spacer in the microporous layer. It will be the major target of future works to take into account the key role of the I dopant to ORR, which can be applied to various carbon materials for the development of outstanding metal-free efficient ORR catalysts for fuel cell. Figure 17A-F) [75] . It showed that graphene can react with H and transforms this highly zero-overlap semimetal into an insulator. TEM exhibits the hexagonal crystalline lattice in the graphene derivative (graphane) with shorter period compared with graphene ( Figure 17A-D) . The reaction with H is reversible, therefore, the intrinsic metallic state, the lattice spacing, and the quantum Hall effect could be recovered after annealing. This research depicting the crystalline structure of hydrogenated graphene reveals two new graphene derivatives: a crystalline one and a disordered one. These results prove the possibility of graphene being converted into other giant molecules with regular structures [75] .
Recently, a new report on iodine (I)-doped graphene was revealed by several techniques (electrophilic substitution and nucleophilic substitution methods) in order to incorporate iodine atoms onto the graphene base materials ( Figure 18A-D) [81] . The morphology and structure of the I-doped graphene were sophisticatedly studied by TEM. Figure 18A -D depicts the microstructure of the prepared I-doped graphene in comparison to pristine graphene. Regarding the morphology, the I-doped graphene overlapped and scrolled to form clusters, proving the good quality of these transparent doped materials. Moreover, the high resolution illustrates visible lattice fringes of the I-doped graphene, emphasizing a well-defined crystal structure of I-doped graphene. Regarding the structure, in the graphene sample depicted in Figure 18A , the graphene grains are highlighted, while the surface shape of the I-doped graphene samples looks like a mixture of sheets with different thicknesses, assigned to the typical layered structure of graphene-based materials. I-doped graphenes cannot reveal some physical or morphological structural changes, which suggest a proper doping process. Secondary electron images were acquired at different magnifications. Nevertheless, we have to mention the appearance of a typical layer structure for the doped-graphene sample 1 ( Figure 18B ) and the doped-graphene sample 2 ( Figure 18C ), which is close to the structure of graphite oxide or chemically reduced graphite oxide, while the doped-graphene sample 3 ( Figure 18D ) reveals a more wrinkled structure similar to partially reduced GO or commercial graphene ( Figure 18A ). The I-doped graphene to cathode electrode improved the electrochemical performances due to the role of the potential catalyst besides the spacer in the microporous layer. It will be the major target of future works to take into account the key role of the I dopant to ORR, which can be applied to various carbon materials for the development of outstanding metal-free efficient ORR catalysts for fuel cell.
In the latest reports, a soft thermal doping method on graphene was treated in proper ambiences such as O 2 [90, 92] , N 2 [91, 93] , CO 2 [91, 93] , vacuum controlled atmospheres [91, 93] up to 300 • C. By the atmosphere on the p-type doping induced by thermal treatments in O 2 gas of graphene on SiO 2 . It showed that exposure to air atmosphere affects the doping, somehow removing it, whereas thermal treatments in vacuum, N 2 and CO 2 maintain the doping. A role of H 2 O molecules in air is suggested for the doping instability. The disentanglement of strain and doping effects has been also highlighted implying that the O 2 presence is overwhelming. In the latest reports, a soft thermal doping method on graphene was treated in proper ambiences such as O2 [90, 92] , N2 [91, 93] , CO2 [91, 93] , vacuum controlled atmospheres [91, 93] up to 300 °C. By the atmosphere on the p-type doping induced by thermal treatments in O2 gas of graphene on SiO2. It showed that exposure to air atmosphere affects the doping, somehow removing it, whereas thermal treatments in vacuum, N2 and CO2 maintain the doping. A role of H2O molecules in air is suggested for the doping instability. The disentanglement of strain and doping effects has been also highlighted implying that the O2 presence is overwhelming. 
Applications of Doped-Graphenes
Applications of the doped-graphenes are set out in Table 1 . These include (I) gas sensor by B dopant [25] , transistor by B dopant [94] , N dopant [40, 41] , NO2 dopant [69] ; (II) biosensor by N dopant [86] ; (III) solar cell by HNO3 dopant [51, 52] , SoCl2 dopant [50, 51] , B dopant [26] , HCl dopant [51] , H2O2 dopant [51] ; (IV) fuel cell by B dopant [27] , N dopant [38, 96] ; (V) Li-ion battery by SnO2/N codopant [35] , MoS2/N co-dopant [36] , O2 dopant [84] ; (VI) supercapacitor by N dopant [39] ; (VII) FET by N dopant [44, 88] , diazonium salt and PEI dopants [74] , NH3 dopant [73] , N2H4 dopant [61, 62] , oMeO-DMBI dopant [63] ; (VIII) photovoltaic cells by AuCl3 dopant [29] ; electrocatalyst for ORR by S/N co-dopant [34] , FeN4 dopant [32] , N dopant [37, 89] , P dopant [79, 80] , N2/P co-dopant [76] ; (IX) PLED by TFSA dopant [48] ; (X) Free-radical scavenging by P dopant [77] ; and (XI) energy storage and conversion by S dopant [33] . In general, the doped-graphene exhibited the diverse potentials with physical and chemical characteristics in further improvement the unexploited and unexplored potential in graphene. 
Applications of the doped-graphenes are set out in Table 1 . These include (I) gas sensor by B dopant [25] , transistor by B dopant [94] , N dopant [40, 41] , NO 2 dopant [69] ; (II) biosensor by N dopant [86] ; (III) solar cell by HNO 3 dopant [51, 52] , SoCl 2 dopant [50, 51] , B dopant [26] , HCl dopant [51] , H 2 O 2 dopant [51] ; (IV) fuel cell by B dopant [27] , N dopant [38, 96] ; (V) Li-ion battery by SnO 2 /N co-dopant [35] , MoS 2 /N co-dopant [36] , O 2 dopant [84] ; (VI) supercapacitor by N dopant [39] ; (VII) FET by N dopant [44, 88] , diazonium salt and PEI dopants [74] , NH 3 dopant [73] , N 2 H 4 dopant [61, 62] , o-MeO-DMBI dopant [63] ; (VIII) photovoltaic cells by AuCl 3 dopant [29] ; electrocatalyst for ORR by S/N co-dopant [34] , FeN 4 dopant [32] , N dopant [37, 89] , P dopant [79, 80] , N 2 /P co-dopant [76] ; (IX) PLED by TFSA dopant [48] ; (X) Free-radical scavenging by P dopant [77] ; and (XI) energy storage and conversion by S dopant [33] . In general, the doped-graphene exhibited the diverse potentials with physical and chemical characteristics in further improvement the unexploited and unexplored potential in graphene. Plasma doping Ultracapacitor Capacitance (280 F/g), novel cycle life (>200,000), and high-power capability [39] Pyrolysis Catalyst High O-reduction reaction [43] Thermal annealing in APCVD Organic molecular sensing Novel probing of Rhodamine (RhB) molecules [40] Thermal annealing in APCVD Ultrasensitive molecular sensor Novel sensing of RhB, crystal violet (CRV), and methylene blue (MB) molecules [41] Pyrolysis Catalyst High O-reduction reaction [37] Thermal annealing in CVD Fuel cells High O-reduction reactions, long-term stability, tolerance to crossover and poison [38] Plasma doping NA NA [42] Annealing at 1100 • C Back-gate FET Mobility (6000 cm 2 /Vs) [44] Plasma doping Biosensor High electrocatalytic activity, Novel glucose biosensing with low concentration (0.01 mM) [86] Electrothermal annealing FET Highly edge functionalization of GNRs by N 2 species [87] Wet chemical doping Catalyst Good electrocatalytic activity, long term stability, and tolerance to crossover effect [88] Soft thermal doping NA NA [92, 94] Solvothermal doping Fuel cell Enhanced catalytic activity in O-reduction reaction [96] Thermal annealing in APCVD NA NA [95] Obviously, the TEM is an important technique to reveal the morphology, crystalline and chemical structures of nanomaterials. The information that TEM techniques can provide and their implications on applications is based on the assistances of low-magnification TEM, HR-TEM, spherical aberration-corrected HR-TEM, BF-TEM, DP-TEM, DF-TEM, STEM, DF-STEM, STEM_EELS, HAADF-STEM, and micro EDS-TEM. By these techniques, the intrinsic structures of thin films were clearly visible at the nanoscale.
The TEM exhibited the important role on the energy applications of doped graphene, including supercapacitor and battery electrodes. In addition, for other applications such as electronic and optical applications, the TEM could exhibit the sophisticatedly observations at few nm to angstrom scale of thin film materials in order to understand electronic and optical properties of doped graphene. However, the limitation of TEM is that only provide very local information. To macroscopic observation proofs, the combination with other characterizations such as AFM, OM, and SEM is necessity, for example in optical applications.
Conclusions
The key methods and strategies for modulating the electrical characteristics of graphene by chemical doping were addressed through typical TEM analysis. The strategies for band gap tuning in graphene composed of adsorption of chemical species, controlled oxidation, controlled reduction and covalent modifications were depicted. In addition, the related applications are also mentioned in the literature.
Until now, there still remain many challenges. Firstly, most surface transfer doping cases are achieved through the adsorption of electron-donating and electron-withdrawing chemical species. Because the adsorbed chemical species could desorb from graphene surface and they can react with reactive molecules such as O 2 or water in air atmosphere, therefore, the graphene doped by surface transfer dopants may have short stability. The substitutional-doped graphene could more stable through foreign atoms bonded covalently with carbon lattice [6] .
Secondly, the surface coverage of the chemical species and the number of foreign atoms incorporated into the basal plane of graphene is hard to control and the doping of graphene would be hard to reproduce [6] . It would need more exact methods to homogenously and reproducibly dope graphene in a controlled way. Moreover, the doping mechanism is needed further understand. The relationships of doping concentration, mobility, and band gap tuning need more sophisticatedly investigations.
Thirdly, the unintentional doping from the surroundings caused by contaminations and the residues can make the deterioration of device performance, moreover, the tailoring and modifying through the unintentional doping on graphene surface could quite happen. Therefore, it really needs further investigations systematically.
In general, doping of graphene has opened up a new field of research which may impact on the development of electronics and optoelectronics. The dry doping of graphene by low energy plasmas is an interesting, new, damage-free method [19] [20] [21] [22] [23] [24] . The method could be applied to other plasma systems such as neutral beams or ion beams. It could also be applied to other nanomaterials such as transition metal dichalcogenides (TMDCs), hexagonal-boron nitride (h-BN), black phosphorous, 2D carbides and nitrides (MXenes), carbon nanotubes, and Van der Waals heterostructures.
